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I n t r o d u c t i o n  

A beam s c r a p e r  u s ing  a l i n e a r  motor d r i v e  has  
been developed f o r  use i n  t h e  AGS a t  Brookhaven 
Na t iona l  Laboratory.  The dev ice  i s  used t o  measure 
beam s i z e  by moving a t a r g e t  t o  a predetermined 
l o c a t i o n  and measuring t h e  i n t e r c e p t e d  beam wi th  
nearby l o s s  monitors  o r  by no t ing  t h e  dec rease  i n  
t h e  c i r c u l a t i n g  beam c u r r e n t .  Th i s  dev ice  has  
e x c e l l e n t  vacuum c h a r a c t e r i s t i c s ,  a s  t h e  motor and 
senso r  c o i l s  a r e  o u t s i d e  t h e  vacuum, coupled mag- 
n e t i c a l l y  t o  t h e  moving p a r t s  wh ich ,  a r e  i n s i d e .  
There a r e  no bel lows o r  dynamic s e a l s  r equ i r ed .  The 
pos i t i on - t ime  p r o f i l e  i s  c o n t r o l l e d  by a c losed-loop 
se rvo  system which uses  p o s i t i o n  feedback. 

Design Goals 

The o ld  beam s c r a p e r s  a t  t h e  AGS, known a s  t h e  
" f l i p  t a r g e t s " ,  have been used f o r  beam s i z e  meas- 
urements and f o r  c l ean ing  up small  amounts of beam 
halo.  These t a r g e t s ,  which a r e  t h e  descendants  of 
t h e  i n t e r n a l  t a r g e t s  once used f o r  t h e  p roduc t ion  of 
secondary beams, have s e v e r a l  shortcomings.  They 
h i t  a mechanical s t o p  t o  determine t h e i r  p o s i t i o n ,  
s t r e s s i n g  t h e  t a r g e t .  Th i s  p rec ludes  t h e  use  of 
b r i t t l e  r e f r a c t o r y  m a t e r i a l  f o r  t h e  t a r g e t  and thus  
l i m i t s  t h e  amount of beam t h a t  may be i n t e r c e p t e d  
wi thou t  mel t ing t h e  t a r g e t .  The motors t h a t  f l i p  
t h e  t a r g e t  i n t o  t h e  beam a r e  i n s i d e  t h e  vacuum and 
a r e  expected t o  be a s e r i o u s  sou rce  of ou tgass ing  a s  
t h e  AGS vacuum i s  improved. 

The new beam s c r a p e r  i s  designed t o  be com- 
p a t i b l e  w i th  o p e r a t i o n  i n  a vacuum of lo-' Torr .  It 
must be a b l e  t o  f u n c t i o n  a f t e r  a l i f e t i m e  r a d a t i o n  
dose of about  lo' r a d s ,  and have a l i f e  of some l o 7  
ope ra t ion  c y c l e s  be fo re  f a i l u r e  o r  l eak ing .  

The p o s i t i o n a l  accuracy of t h e  t a r g e t  should be 
wi th in  0.15 min i n  o r d e r  t o  measure t h e  AGS beam, 
which r eaches  a minimum s i z e  of about  1.5 mm rias. 
The o p e r a t i o n a l  c y c l e  r e q u i r e s  t h a t  t h e  t a r g e t  be 
o u t s i d e  t h e  dynamic a p e r t u r e  of t h e  AGS dur ing  in-  
j e c t i o n  and come i n  qu ick ly  a t  t h e  d e s i r e d  time t o  
i n t e r c e p t  t h e  beam, which may be moving o r  changing 
s i z e  r e l a t i v e l y  r ap id ly .  The motion needed i s  
t y p i c a l l y  30 mm, i n  a t i m e  of 0.05 s e c  o r  l e s s .  

L inea r  Motor 

The l i n e a r  motor,  shown i n  F igu re  1, provides  a 
s imple ,  c o s t  e f f e c t i v e  s o l u t i o n  t o  t h e s e  des ign  
requirements  i n  t h e  fo l lowing  manner. F i r s t ,  i t  i s  
an i n h e r e n t l y  high-speed dev ice .  L inea r  motion i s  
i n i t i a t e d  d i r e c t l y ;  t h e r e  a r e  no g e a r s ,  l e v e r s ,  o r  
cams. The f o r c e  i s  caused by t h e  f l u x  of a per- 
manent magnet c u t t i n g  through t h e  c u r r e n t  of a c o i l ,  
much l i k e  t h e  a c t i o n  of a speake r  vo ice  c o i l .  I n  
t h i s  c a s e ,  however, t h e  c o i l  i s  s t a t i o n a r y  and t h e  
magnet moves, a l lowing  t h e  c o i l  t o  be o u t s i d e  t h e  
vacuum and t h e  moving permanent magnet i n s i d e .  The 
l i n e a r  motor,  u n l i k e  a s o l e n o i d ,  i s  b i d i r e c t i o n a l ,  
has  a uniform f o r c e  over  i t s  e n t i r e  range,  and t h e  
t r a v e l  can be made a s  long as needed. 
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Figure 1.  Beam s c r a p e r  assembly (no t  t o  s c a l e ) .  
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Seals - 
Sliding seals at high vacuum levels are con- 

sidered unsatisfactory, and bellow seals are not 
compatible with the high speed, long travel, and 
long life needed. With the linear motor magneti- 
cally coupled through the wall of the vacuum cham- 
ber, all moving parts are entirely inside the vacuum 
and no moving seals are needed. 

Position Sensing 

The position of the moving assembly is measured 
with a linear variable differential transformer 
(LVDT). The core of the LVDT is attached directly 
to the shaft that guides and supports the permanent 
magnet armature. The LVDT can resolve motions of 
the order of 0.01 mm, although the overall accuracy 
and linearity is of the order of 0.1 mm. The LVDT, 
like the motor, uses magnetic coupling through the 
vacuum wall and has its electrical coils outside the 
vacuum. 

Radiation Tolerance 

The samarium-cobalt magnetic material (CRUCORE 
2 2 ,  2:17) can be expected to lose less than one per- 
cent of its strength with a radiation dose of lo9 
rads.l The insulation of the coils has been select- 
ed to be resistant to this dose also. The control 
electronics are about 50 meters away, outside the 
radiation area. 

Life - 
The device has only one moving part which 

weighs approximately 0.25 kg and is supported by 
two linear ball bearings. The bearings are lubri- 
cated by molybdenum disulfide and have a projected 
life of over 10' cycles. Since there are no dynamic 
seals, leaks are unlikely. A possible failure mode 
is a structural failure resulting from a control 
malfunction or operator error where the motor is 
slammed at full power into the stops. To guard 
against this, a series of cone spring washers is 
incorporated into the stops in both directions to 
limit the shock loads to 100 lbs. The unit has 
purposely been repeatedly impacted into the stops 
without a failure. 

Servicing 

The motor stator and LVDT coils can be removed 
easily without breaking vacuum. The entire device 
can be removed from the vacuum vessel by removing 
six conflat seal bolts. The target itself can be 
replaced by removing a viewing window. 

Motion Control 

The block diagram of the control system is 
shown in Figure 2. The system is basically a closed 
loop servo which follows the desired position-time 
profile. The feedback loop includes a single pole/ 
zero filter for bandwidth and phase margin control. 
For faster response, it is necessary to "feedfor- 
ward" an acceleration signal s o  a large motor drive 
can be generated immediately without waiting for a 
large position error to develop. 

A 20 kHz switching amplifier is used., which can 
deliver peak currents of over 20 A to the motor, 
giving a force of 4 kg and an acceleration of about 
16 g's (160 m/s2). Because the motor is wound on a 
conductive bobbin, it is very lossy at the 20 kHz 

switching frequency and can get overly hot even when 
no t  moving. The series choke reduces the current 
swing and renders the idle heating negligible. The 
arrangement shown, using a split choke with the 
motor balanced between the amplifier outputs, mini- 
mizes the capacitive coupling of the 20 kHz switch- 
ing transients to the vacuum pipe (and thus to other 
systems - in particular, the LVDT). 
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Figure 2. Block diagram of the beam scaper 
control system. 

Protection 

The amplifier must be capable of delivering 
high instantaneous power to the motor--up to 1500 
W--in order to start and stop the target quickly. 
The steady state capacity of the motor, however, is 
only 30 W, so  great care is necessary to avoid 
damaging the motor in some fault situation. The 
system here has several levels of temperature 
sensing and protection. At the lowest level, the 
computer will refuse to initiate a jump if the 
temperature of the motor is above 50 C. The ulti- 
mate protection against failure of the controls or 
amplifier is a slo-blo fuse and a Klixon thermostat 
on the motor. 

Performance 

The system can reliably execute an accelerate- 
decelerate cycle which travels 20 mm in 40 ms, 
giving a peak speed of 1 m/s. Longer travels are 
achieved by coasting at the peak velocity. With one 
setting of the feedforward parameters used for all 
travel lengths, the overshoot and ringing is in the 
range of 0.1 - 0.2 mm. The excursion can be done in 
about 60% of these times, but this requires careful 
tuning of the feedforward parameters to achieve a 
small overshoot. It should be noted that for an 
application like beam profile measurement a moderate 
overshoot is inconsequential as long as the maximum 
travel is measured. 
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The l i n e a r  motor and LVDT combinat ion may a l s o  
f i n d  use  i n  o t h e r  vacuum p o s i t i o n i n g  a p p l i c a t i o n s ,  
such a s  f l a g  d r i v e s .  I f  t h e  speed requirements  a r e  
r e l axed ,  much l e s s  power i s  needed and a s i m p l e r  
c o n t r o l  system w i l l  s u f f i c e .  

Beam P r o f i l e  Measurement 

The beam p r o f i l e ,  as shown i n  F igu re  3 ,  i s  
measured by i n s e r t i n g  t h e  t a r g e t  va r ious  d i s t a n c e s  
i n t o  t h e  beam (on s u c c e s s i v e  AGS p u l s e s )  and r ead ing  
t h e  f r a c t i o n a l  loss  of c i r c u l a t i n g  beam c u r r e n t .  
F igu re  4 shows t h e  t a r g e t  p o s i t i o n  and beam c u r r e n t  
VS.  time d u r i n g  t h e  o p e r a t i o n  of t h e  t a r g e t  t o  g e t  
one such d a t a  po in t .  The r e s u l t s  h e r e  use on ly  t h e  
beam c u r r e n t  t r ans fo rmer .  The measurements may be 
cont inued f u r t h e r  o u t  i n  t h e  t a i l  of t h e  beam by 
d i r e c t l y  d e t e c t i n g  t h e  s c a t t e r e d  p a r t i c l e s  a l s o .  
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Figure  3 .  Ream loss  vs t a r g e t  p o s i t i o n ,  
with a beam i n t e n s i t y  of 1 1 ~ 1 0 ~ ~  
p ro tons ,  and a momentum of of  
14 GeV/c. 

The i n t e r p r e t a t i o n  of t h e  bean l o s s  p r o f i l e s  
depends on t h e  dynamics of t h e  beam. A t a r g e t  posi-  
t i oned  a t  a d i s t a n c e  x from t h e  e q u i l i b r i u m  o r b i t  
removes a l l  p a r t i c l e s  w i th  an  emi t t ance  g r e a t e r  t han  
x2/f3. I f  t h e  beam d i s t r i b u t i o n  is Gaussian wi th  
width U, t h i s  g i v e s  a l o s s  p r o f i l e  shaped l i k e  

I f  t h e r e  i s  l i n e a r  coupl ing between t h e  h o r i z o n t a l  
and v e r t i c a l  b e t a t r o n  motions t h e  normal modes of 
o s c i l l a t i o n  a r e  no longe r  e x a c t l y  h o r i z o n t a l  and 
v e r t i c a l ,  bu t  a r e  t i l t e d ,  and e i t h e r  a h o r i z o n t a l  o r  
v e r t i c a l  t a r g e t  a lone  shaves o f f  beam p a r t i c l e s  
beyond a c e r t a i n  emi t t ance  i n  bo th  normal modes. 
Th i s  i s  analyzed i n  Reference 2. I f  t h e  normal 
modes a r e  t i l t e d  a t  an ang le  8 from t h e  h o r i z o n t a l  
and v e r t i c a l  d i r e c t i o n s ,  and t h e  bean has  u n i t  U i n  
both modes, a t a r g e t  a t  a d i s t a n c e  x from t h e  bean 
c e n t e r  i n t e r c e p t s  h igh  emi t t ance  p a r t i c l e s  from both 
modes and g i v e s  a l o s s  p a t t e r n  

0 

The d a t a  i n  F igu re  3 a r e  f i t t e d  t o  Eq. 2 t o  
determine U and 8 .  Also shown f o r  comparison i s  a 
curve c a l c u l a t e d  wi th  t h e  same U but  w i th  8 s e t  
equa l  t o  z e r o  (no coup l ing ) .  A s e r i e s  of such 
measurements a t  d i E f e r i n g  momenta throughout  t h e  AGS 
c y c l e  r e q u i r e s  t h e  e x t r a  paratoetor ( 8 )  of Eq. 2 t o  
g i v e  good matches t o  t h e  d a t a ,  bu t  t hen  t h e  r e s u l t -  
i ng  widths  g i v e  an  uniform normalized emi t t ance .  

The presence of coupl ing adds a s i g n i f i c a n t  
complicat ion t o  de t e rmin ing  t h e  beam emi t t ance  wi th  
t h e  t a r g e t .  Work is  con t inu ing  t o  understand i t  and 
c o r r e l a t e  i t  t o  o t h e r  measures of tune and coupl ing.  
However, f o r  deter iuining a p e r t u r e  requirements  f o r  
e x t r a c t i o n  equipment ( f o r  example),  t h e  beam l o s s  
p r o f i l e  measured wi th  t h e  t a r g e t  i s  d i r e c t l y  a p p l i -  
c a b l e  s i n c e  i t  au tomat i ca l ly  inc ludes  t h e s e  compli- 
c a t i o n s  i n  t h e  a p p r o p r i a t e  way. 
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